Spherical sample holders to improve the susceptibility measurement of 

superparamagnetic materials 
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The design of two custom sample holders with a spherical cavity for commercial vibrating sample 
magnetometer systems is described. For such cavities the magnetization M and the internal mag- 
netic field Hi of a sample are both homogeneous. Consequently, the material parameter M(Hi) of 
a sample can be determined even for liquids and powders with a high magnetic susceptibility. 

PACS numbers: 06.60.Ei, 07.55.Jg 



INTRODUCTION 

Superparamagnetic materials like ferrofluids |l| play a 
decisive role in modern technology. Important applica- 
tions comprise vacuum tight feedthroughs in silicon crys- 
tal growing systems, the cooling of high power loudspeak- 
ers, and sink float material separation, to mention just 
a few Moreover, magnetic carriers give new perspec- 
tives in cancer therapy and other medical applications Q ■ 
Consequently, there is an increasing interest in funda- 
mental research on colloidal magnetic fluids, focusing on 
ferrofluid dynamics, rheology and surface instabilities 
As a result, a need arises to measure magnetic material 
properties with improved accuracy. 

In particular, for the measurement of the magnetiza- 
tion of highly susceptible materials the demagnetization 
field has to be taken into account. It allows the deter- 
mination of the magnetic field inside the sample, which 
is responsible for its magnetization. A homogeneous in- 
ternal field can only be found in ellipsoidal samples. In 
the case of solids, spherical samples can be prepared by 
grinding [j| . For liquid samples and powders spherical 
sample holders, as introduced in this paper, seem most 
practical. 

A very common and versatile method of measuring 
magnetic properties is vibrating sample magnetomctry 
(VSM) [6]. Since its introduction, a wide range of im- 
provements for VSM sample holders have been proposed. 
These include, for example, simplified handling Q or ad- 
vanced temperature control[8, 9]. Here, we present spher- 
ical samples to determine particularly high susceptibili- 
ties with improved accuracy. 



MAGNETOMETER 

A VSM determines the magnetic moment by vibrating 
the sample perpendicular to a uniform magnetic field in 
between a set of pickup coils Q . Our measurements are 
conducted using a VSM 7404 from LakeshorejlOj, where 
the current induced in the four pickup coils is evaluated 
by means of a lock-in measurement. The distance be- 



tween the pickup coils attached to the pole shoes is ad- 
justed to be 25 mm. After calibration with a reference 
sample, this signal provides a measure of the magnetic 
moment with a high sensitivity, namely a resolution of 
about Am 2 . 

The material parameter of interest in this paper is the 
magnetization as a function of the internal magnetic field 
M(Hi), but neither M nor Hi can be measured directly. 
The magnetization M must be determined from the mea- 
sured magnetic moment fh via 
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M =v> 



(1) 



with V being the sample volume. Consequently the mea- 
surement of the volume introduces a second source of un- 
certainty, which unfortunately does not match the high 
resolution of the magnetic measurement. 

The magnetic field Hi inside a sample is in general 
influenced by its magnetization in a complicated way. 
However, in the case of an ellipsoidal sample volume, Hi 
can be obtained by 



Hi = H — DM(ifj), 



(2) 



where the external magnetic field H is measured by a Hall 
probe, and D is the constant demagnetization tensor. 
From a practical point of view the case of a sphere is 
particularly convenient, because the tensor can then be 
replaced by the scalar ^ . 



SAMPLE HOLDERS 

To our knowledge no commercially available sample 
holder has a spherical sample volume. Therefore, we have 
designed two spherical sample holders - one for liquids 
and one for powders - to overcome this deficiency. In 
the experiments presented in this paper, we compare the 
commercially available sample holders with the newly de- 
signed ones. 

The commercially available sample holder for liquids 
(LL=Lake Shore sample holder for Liquids) can be ob- 
tained through Lake Shore Cryotronics Inc. (article num- 
ber 730935) and is made of Kel-F®. Figure Q] depicts the 



FIG. 1. Photograph and schematic of the commercial sample 
holder for liquids obtained through Lakeshore (LL). 



part and shows a schematic. To get an exact measure of 
the sample volume, the holder is filled with a liquid of well 
known density (purified water at room temperature) and 
weighted. This way, the volume of the sample cavity can 
be estimated to be 69 /d. In order to prevent air bubbles 
inside the cavity, the holder has to be overfilled. This 
results in an extra amount of liquid inside the thread, 
rendering the net volume to be Vll — (80.3 ± 9.6) id. 
Consequently, the volume to calculate the magnetization 
of each individual sample is determined by weighting. 

The cavity to contain the sample is of a complex shape 
with rotational symmetry. In order to calculate the in- 
ternal magnetic field according to Eq.(|2]) approximately, 
the knowledge of an effective demagnetization tensor D 
is required. Therefore, the cavity is approximated by 
a spheroid with the two half axes a = 1.7 mm and 
b = 5.8mm. According to Ref. ll| the relevant compo- 
nent of the demagnetization tensor for a prolate spheroid 
is 



D = 




In our case, this yields Z?ll ~ 0.45. 

Figure [5] shows the newly designed sample holder for 
liquids (SL=Sphcrical sample holder for Liquids). In or- 
der to obtain a homogeneous magnetic field inside the 
sample, an ellipsoidal cavity is imperative. This geome- 
try can be achieved by chemical welding of two half shells. 
As it is difficult to chemically weld Kel-F® , the material 
the commercial sample holder is made of, Makrolon® is 



FIG. 2. Photograph and schematic of the new sample holder 
for liquids (SL). The spherical cavity with a diameter of 
4.0 mm is formed by chemical welding of two half-shells (light 
gray and gray). The mounting support (black) is snapped on 
after filling. 



used instead. To overcome the volume uncertainty in- 
duced by a thread, the cavity is filled through two nar- 
row channels with a diameter of 0.5 mm and a length 
of 1.5 mm. After the filling process, these channels are 
sealed with scotch tape. 

The calculated sample volume of the cavity plus the 
two channels is (34.1 ± 1.0) /il. The given error accounts 
for engineering tolerances. To measure the sample vol- 
ume, the holder is filled with water and weighted. By 
this, the sample volume results to be Vsl = (35.3±0.2) /A, 
which is consistent with the calculation. As with the LL, 
the magnetization is calculated using the individual sam- 
ple volume determined by weighting. 

The commercially available sample holder for pow- 
ders (LP=Lake Shore sample holder for Powders) ob- 
tained from Lake Shore Cryotronics Inc. (article number 
730931) is made of Kel-F®. It is depicted in Fig.d 

In this case, filling the sample holder with water and 
weighting gives only a rough estimate of the volume. This 
is partly due to the relatively small volume and partly 
due to the nuisance, that the water tends to creep up 
the thread. The measured volume is Vlp — (15 ± 5) id. 
Weighting of a sample does not yield its gross volume, 
because that depends on its packing density. Therefore, 
the volume of the sample cavity Vlp is used to calculate 
the magnetization. 

As indicated by the sketch, the shape of the sample 
chamber is again different from an ellipsoid. Similar to 
the LL, the cavity is approximated by an oblate spheroid 
with the two half axes a = 1.7 mm and b = 0.75 mm. 



According to Ref. [11[ the relevant component of the de- 



FIG. 3. Photograph and schematic of the commercial sample 
holder for powders obtained through Lakeshore (LP). 



magnetization tensor is 




In our case, this yields L\p ~ 0.22. 

Since the SL shown in Fig. [5] cannot be filled with pow- 
ders, we designed the sample holder (SP=Spherical sam- 
ple holder for Powders) shown in Fig. [4] A well suited 
material, with special respect to the sharp edges at the 
bottom of the upper part, is Vespel®. Taking engineer- 
ing tolerances into account, the volume of the cavity can 
be calculated to Vsp = (47.7 ± 1.3) [A. An independent 
measurement by the water weighting method used for 
the other three sample holders is not possible here due 
to the special geometry. As with the LP, the volume of 
the sample cavity Vsp has to be used to calculate the 
magnetization. 

EXPERIMENTAL RESULTS AND DISCUSSION 

To compare the sample holders, three different sub- 
stances - water, ferrofluid and magnetite powder - are 
used. 

The water is purified (SG LaboStar 7 TWF-DI). 
It qualifies as an adequate reference fluid because 
its composition and susceptibility are very well de- 
fined. The magnetic susceptibility is known to be 
Xwatcr = -9.0238 • 10- 6 [H. 

The ferrofluid (APG512a from FerroTec Corp.) is 
based on synthetic esters and contains magnetite nano 



FIG. 4. Photograph and schematic of the new sample holder 
for powders (SP). The spherical cavity formed by the two 
half-shells has a diameter of 4.5 mm. 

particles. It is a good testing fluid due to its long-term 
stability (years) [1 31] . Because of its high susceptibility 
X 1 it is suitable to demonstrate the impact of the 
different geometries. 

For the powder sample holders, magnetite (FesO^) has 
been obtained through Sigma- Aldrich Co., consisting of 
spherical nano particles with a size of d < 50 nm [141 Il5| . 
The powder represents a different class of materials with 
specific intricacies. 

The measurement procedure consists of i) setting the 
external field to 800kA/m, ii) decreasing it step by step 
to — 800kA/m, and iii) increasing it back to 800kA/m. 
In each step, the component mu of the magnetic moment 

m parallel to the external field H is recorded by the VSM. 

Water 

The determination of the magnetization consists of two 
independent measurements. First, the magnetic moment 
of the sample as a function of the external magnetic 
field is measured with a high accuracy by the VSM. Sec- 
ond, the volume of the sample is determined as described 
above. These two quantities yield the volume magneti- 
zation M as stated in Eq. ([!} . In order to validate this 
two-step determination, water is used as a reference fluid 
with a well known constant susceptibility. In addition, its 
demagnetization field can be neglected due to the small 
susceptibility. Therefore one can expect, that both sam- 
ple holders produce the same result. Any deviations must 
be attributed to the different volumes, geometries and the 
different spatial distribution of the liquid. 

The results for water are depicted in Fig.[SJ Here, the 
magnetization is plotted as a function of the internal 
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FIG. 5. Comparison of the measured magnetization curves of 
purified water. The magnetization per volume is plotted as 
a function of the internal magnetic field for the commercially 
available LL (gray dots) and the SL (black dots). The solid 
black line marks the literature value [l^. 

magnetic field. The magnitude of the internal field is 
deduced via 

H{ = H — DM (Hi). (3) 

Note, that the correction due to the second term is only 
about 4ppm for the case of water, but was used nonthc- 
less for the sake of a standardized data processing. The 
external magnetic field H is measured by the Hall probe 
in a distance of 9 mm from the sample [lOj . As explained 
above, D = Z?ll was used for the LL and D = | for the 
SL. The magnetization M(Hi) is calculated via 



Here the volume V is determined by weighting of the 
sample. The magnetic moment of the empty sample 
holder miiQ and of the measured water sample mu are of 
the same order of magnitude, therefore the signal from 
the empty sample holder has been subtracted. 

In Fig. [S] the results for the LL are shown in gray and 
those for the SL in black. In order to emphasize the differ- 
ences between both measurements, these data are replot- 
ted in Fig.|6l which depicts the susceptibility x = M/Hi 
as a function of the internal magnetic field, where M is 
an average according to 

own. H>0 - M up M<0 - Md own,// <0 

~~ 4 ' 

(5) 

The susceptibilities obtained with the LL show a 
smaller scattering. This is partly due to the larger sample 
volume of the LL and partly due to the smaller magnetic 
moment of the empty sample holder. More importantly, 
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FIG. 6. Comparison of the measured susceptibilities of pu- 
rified water. The susceptibility per volume is plotted as a 
function of the internal magnetic field for the commercially 
available LL (gray dots) and the SL (black dots). The solid 
gray line denotes the mean value of the gray points, and the 
solid black line shows the mean of the black points. The 
dashed black line marks the literature value p^]. 



Xll 


(-7.017 ±0.3) • 10" 6 


XSL 


(-9.086 ± 1) • 10~ 6 


X water 


-9.0238 ■ 10" 6 



TABLE I. Extracted susceptibilities for water and a literature 
value. 

the mean values of the susceptibilities shown as solid lines 
differ significantly. The values are listed in Table HI the 
given errors reflect the largest deviation of an individual 
measurement from the mean value. Although the sus- 
ceptibilities from the SL show a higher scattering, their 
average %sl reproduces the literature value Xwater quite 
well. On the other hand, the comparison of xll to x water 
shows a systematic deviation of 29%. This is believed to 
be caused by the sensitivity function of the pickup sys- 
tem, as stated in the VSM systems documentation [16| . 
For a sample larger than the Ni-sphere with a diameter 
of 2 mm, which is provided by LakeShore as a reference 
sample, this effect gains momentum. To quantify this de- 
viation, we introduce a correction factor Qholder = Xwatcr ■ 

Xholder 

According to TableQJ we determine Qll = (1-29 ± 0.1) 
and Qsl = (0.99 ± 0.03). Qsl cannot be smaller than 
unity. We thus replace it by Qsl = 1, and conclude that 
the deviation from unity is beyond our resolution. 



Ferrofluid 

The results for APG512a are depicted in Fig. [7] Here, 
the magnetization is plotted as a function of the internal 
magnetic field. We use the same data processing as for 
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FIG. 7. Comparison of the measured magnetization curves 
of the ferrofiuid APG512a. The magnetization per volume 
is plotted as a function of the internal magnetic field for the 
commercially available LL (gray) and the SL (black). For 
clarity, only every second data point is shown. The solid lines 
indicate fits to the MMF2 model. 



water, except for the subtraction of the magnetic moment 
of the empty sample holder. This is justified, because 
the magnetic moment of the ferrofiuid is three orders of 
magnitude higher than that of the sample holder. The 
magnetization M — -J- • Qhoidcr for the LL is shown in 
gray and the one for the SL in black. The scattering 
with the SL is of similar magnitude compared to the LL 
even though the sample volume of the SL is smaller. The 
data can be approximated by the so called second order 
modified mean-field model for dense ferrofluids (MMF2) 
described in Refs. [l7, 18 1. Nonlinear curve fitting by this 
model yields the saturation magnetization and the initial 
susceptibility. The extracted values are shown in Tab. [II] 
The given error for the saturation magnetization reflects 
the largest deviation of an individual measurement from 
the mean value. The error for the susceptibility is esti- 
mated by a visual inspection of the slope in the vicinity 
of the origin. The comparison of the measured satura- 
tion magnetization for the SL with the value given in 
the data sheet shows a good agreement within the given 
tolerances. 

In order to accentuate the differences between the two 
magnetization curves, the ratio of the fitted model func- 
tions is plotted in Fig. [8] The solid line shows that the 
saturation magnetization measured with the LL is by 
1% too small, compared to the SL. For weak magnetic 
fields, the deviation between the two sample holders be- 
comes more important. The initial susceptibilities differ 
by about 1% in the opposite direction. This must be at- 
tributed to the demagnetization factor because it shows 
its highest influence in this regime. We conclude, that 
the measurements utilizing a spherical cavity are supe- 
rior in this regime because the irregular shaped sample 
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FIG. 8. The ratio of the magnetizations obtained by the two 
sample holders for APG512a. The solid line is based on the 
demagnetization factor Dll- The dashed line is obtained by 
using the empirical demagnetization factor DLL.cmp- 





M sat (^) 


Xo 


LL 


24.74 ± 0.5 


1.404 ± 0.06 


SL 


25.05 ±0.4 


1.393 ±0.06 


Data sheet 


26 ± 2.6 


n.a. 



TABLE II. Extracted saturation magnetizations and initial 
susceptibilities for APG512a. 



holder does not have a well defined demagnetization fac- 
tor. It seems worth pointing out, that this deficiency can 
partly be corrected by means of an empirical demagne- 
tization factor of -Dll.chip = 0.438. This value has been 
obtained under the condition that the ratio of the initial 
susceptibilities matches the ratio of the saturation mag- 
netizations. Note that this corrected ratio (dashed line) 
still changes as a function of the magnetic field, which is 
due to the fact that a constant demagnetization factor 
does not exist for a non-elliptical geometry. 



Powder 

We characterize the magnetic properties of the pow- 
der by M = ^y- where V is either Vlp or Vsp. The 
magnetization as a function of the internal field for the 
LP is calculated using the approximated demagnetization 
factor Dlp- To compare both holders the magnetization 
curves for magnetite powder are depicted in Fig.[9j While 
the average magnetization for both sample holders agrees 
fairly well, the scattering for the LP is significantly higher 
than for the SP. This is believed to be caused by the high 
uncertainty of the sample volume in this case, which is 
much harder to control than for fluids. On the one hand, 
filling the sample volume with excess material (as done 
for fluids) is prohibitive because it cannot be squeezed 
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FIG. 9. Comparison of the measurements of the magnetite 
powder. The magnetization is plotted as a function of the in- 
ternal magnetic field for the commercially available LP (gray) 
and the SP (black). 
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FIG. 10. Magnification of the central region of Fig. [9] The 
magnetization is plotted as a function of the internal magnetic 
field for the commercially available LP (gray) and the SP 
(black). The points are connected by lines to guide the eyes. 



out of the measuring volume. On the other hand, a lack 
of material cannot as easily be detected as an air bubble 
in the case of a fluid. Concerning both aspects, the new 
sample holder is superior because a lack of material can 
easily be seen by reopening the sample holder (a defect 
becomes visible in the spherical surface of the pressed 
powder), and an excess prevents a closing of the thread. 

Figure [TU] magnifies the central region of Fig.[S] to un- 
veil the hysteretic behavior of the magnetite powder. The 
dataset with the smallest saturation magnetization shows 
only a very tiny hysteresis. We cannot explain this be- 
haviour, but suspect it to be caused by an underfilling 
of the cavity, allowing a part of the material to move 
freely within the sample holder. The other curves show 
a clearly detectable hysteresis with the expected behav- 
ior, that they all show the same coercivity. This reflects 
the fact, that neither the demagnetization factor nor the 
sample volume have an influence in the case of vanishing 
magnetization. 

In order to extrapolate the saturation magnetization 
and the initial susceptibility, we use a similar procedure 
as for the ferrofluid. In this case, however, prior to the fit- 
ting we calculate an average magnetization according to 
Eq. ([5]). Note, that this procedure is only used as a con- 
venient method for extrapolating the saturation magne- 
tization and the initial susceptibility. The corresponding 
results are shown in Fig.[TTJ We can successfully fit them 
by the MMF2, as indicated by the solid lines, although 
the underlying theory is designed for paramagnetic be- 
haviour. The outcome is summarized in Tab. lIIII The 
errors are deduced as described for Tab.lTTl 

The average saturation magnetization 
Msat,exp = 156kA/m has to be compared to 
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FIG. 11. Averaged magnetization curves according to Eq. ([5]) 
for magnetite powder measured with the SP (black) and the 
LP (gray). The solid lines indicate fits to the MMF2 approx- 
imation. 

M sat ,iit = 446kA/m The reduction to 35% 

can partly be attributed to the filling fraction of the 
powder of about 42%, and partly to an oxidation of the 
surface of the individual grains. 

The ratio of the fitted model functions is plotted in 
Fig. Q21 The solid line shows that the saturation mag- 
netization measured with the LP is by 4% too small, 
compared to the SP. As for the ferrofluid, the devia- 
tion becomes more important for weak magnetic fields. 
For the presented data, this deficiency can partly be cor- 
rected by means of an empirical demagnetization factor of 
DLP,cmp = 0.236. In contrast to the LL, that correction 
is less satisfactory in this case leaving a 10% deviation 
for an internal magnetic field of lOkA/m. This reflects 
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Af»t(^) 


Xo 


LP 


153 ± 43 


17.760 ± 3 


SP 


159 ± 14 


18.461 ± 1 


Data sheet 


446 


n.a. 



TABLE III. Extracted saturation magnetizations and initial 
susceptibilities for magnetite powder. 



investigation leads to empirical demagnetization factors 
for the commercially available sample holders. 

The authors are grateful to DFG FOR608 for finan- 
cial support. Further, we thank K. Oetter for fructuous 
discussion and for the prototyping of the sample holders. 
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FIG. 12. The ratio of the magnetizations obtained by the two 
sample holders. The solid line is based on the demagnetiza- 
tion factor Dlp- The dashed line is obtained by using the 
empirical demagnetization factor DLP,cm P . 



the fact that an ellipsoid is a better approximation for 
the LL compared to the LP. 



CONCLUSION 

In this paper we have introduced two sample holders 
for VSM measurements. They have a well defined de- 
magnetization factor which makes them suitable for the 
investigation of superparamagnetic materials. In addi- 
tion to being superior in principle, these sample holders 
even provide the advantage of a better defined filling pro- 
cedure in particular for magnetic powders. Moreover, our 
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